In conclusion, low miR-221-3p expression may contribute to the poor outcome of TNBC patients through regulating PARP1. MiR-221-3p likely plays a role as a PARP1 inhibitor by directly regulating PARP1 expression, thereby affecting the prognoses of TNBC patients.
INTRODUCTION
Triple-negative breast cancer (TNBC), which accounts for 10-20% of breast cancer patients, is negative for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) [1] . Due to lack of specific molecular markers and therapeutic targets, chemotherapy is currently the major method of adjuvant therapy for early-stage TNBC patients and for the treatment of recurrent TNBC patients. However, the longterm treatment effect of chemotherapy is unsatisfactory, resulting in poor prognosis [2] . Compared with other types of breast cancer, TNBC is more aggressive and prone to early recurrence and metastasis [3] . Investigation of the prognostic markers of TNBC is important to distinguish patients with different prognoses and help to select the appropriate patients and guide treatment.
MicroRNAs (miRNAs) are a class of endogenous non-coding small RNAs found in eukaryotes that have regulatory functions [4] . In cancers, miRNAs may act as tumor suppressors or promoters [5] and are associated with tumor diagnosis [6] , molecular typing [6] , prognostic judgment [7] , and treatment [8] . Radojicic et al found that the expression levels of miR-221, miR-21, miR-210, miR10b, miR-145, miR-205, and miR-122a were significantly different between cancer and normal tissues of TNBC patients [9] . Aberrant expression is associated with breast cancer metastasis [10] . Meanwhile, miRNA expression in tumors may serve as a prognostic indicator. A miRNA expression profile composed of 6 miRNAs can determine the prognosis of stage I non-small cell lung cancer [11] . In breast cancer, a blood-based four-miRNA signature (miR18b, miR-103, miR-107, and miR-652) can predict tumor recurrence and overall survival (OS) in TNBC patients [7] . Thus, miRNA expression has a certain value for the prognostic judgment of patients with tumor.
Drugs based on DNA repair mechanisms, such as poly (ADP-Ribose) polymerase 1 (PARP1) inhibitors, Chk inhibitors, and ATM/ATR inhibitors, play an important role in anti-tumor therapy. PARP1 is a DNA repair protein involved in single-strand break repair and homologous recombination repair in the genome [12] . PARP1 expression is higher in tumors than in normal tissues [13] , and several PARP1 inhibitors, such as olaparib, have entered Phase I-III clinical trials [14] . Despite being limited to TNBC and other tumors, the possible appropriate population for PARP1 inhibitors and their molecular markers for efficacy prediction remain unclear. It is necessary to explore new molecular markers that are associated with the efficacy and prognostic judgment of PARP1 inhibitors. PARP1 has been found to be regulated by miRNAs, such as miR-124 [15] and miR-223 [16] . However, the relationship between miRNA expression and PARP1 in TNBC is still unclear, and the relationship between miRNA expression and TNBC prognosis has not been elucidated.
In the present study, we selected TNBC patients with different prognoses as subjects. We detected the miRNA markers that may predict the prognosis of patients and then analyzed the possible target gene. The results suggested that downregulation of miR-221-3p and upregulation of its target gene PARP1 are prognostic biomarkers for TNBC patients and associated with poor 5-year diseasefree survival (DFS). MiR-221-3p likely plays a role as a PARP1 inhibitor by directly regulating PARP1, thereby affecting the prognosis of patients with TNBC.
RESULTS

Clinicopathological characteristics
All breast cancers in this study were TNBC, which are negative for ER, PR, and HER2. All of the 125 patients were female, with an average age of 51.6 years (range 25 -81 years) and a median follow-up time of 75 months (range 1 -171 months). The general clinical features are summarized in Table 1 . A total of 94 patients received anthracyclines in their adjuvant chemotherapy. The experimental group included 20 patients with poor prognoses, who exhibited cancer recurrence or death within five years of surgery, and 20 patients with good prognoses, who showed DFS greater than five years. In the experimental group, the baseline state was similar between patients with good prognoses and those with poor prognoses. The validation group included 27 patients with poor prognoses, and 58 patients with good prognoses. In the validation group, except for the fact that patients with poor prognoses showed more lymph node metastasis, the other clinicopathological features exhibited no differences between patients with different prognoses.
In addition to the 125 patients in experimental and validation groups, we also selected 12 TNBC patients with paired cancer and paracancerous normal tissues as the control group.
MiRNA expression profile differences in cancer tissues of TNBC patients
The miRCURY ™ LNA Array system was used to detect the miRNA expression profiles in the cancer tissues of the experimental group (20 cases with good prognoses vs. 20 cases with poor prognoses). Differentially expressed miRNAs between good and poor prognoses patients were defined as > 1.5 times the expression difference with p < 0.05 in a t-test. A total of 266 miRNAs were found to be differentially expressed in patients with different prognoses (these 266 miRNAs were named as list I). A total of 103 miRNAs showed lower expression levels in patients with poor prognoses, and the other 163 miRNAs showed higher expression levels in patients with poor prognoses.
We also compared the miRNA expression profiles between paired cancer and normal tissues in the control group. The miRNA expression with no difference between paired cancer and normal tissues was defined as < 1.5 times the expression difference. A total of 1,330 miRNAs expression were found with no difference (these 1,330 miRNAs were named as list II). We compared the miRNAs in list I and list II, and 232 miRNAs were found in both lists. These 232 miRNAs were excluded from list I. Thirty-four miRNAs were determined to be the differentially expressed miRNAs between TNBC patients with different prognoses. All 34 miRNAs were downregulated in patients with poor prognoses (Supplementary Table 1 ).
MiR-221-3p expressed differentially in cancer tissues of TNBC patients
Five miRNAs were selected for further validation using real-time PCR. MiR-34a-3p, miR-203, miR-221- 3p, and miR-4532 were four of top ten down-regulated miRNAs in the patients with poor prognoses. MiR-140-5p was previously reported to possibly affect the development and progression of tumor [17] . First, we tested 5 miRNAs in the experimental group. The expression levels of miR-203, miR-221-3p, and miR-140-5p were significantly lower in patients with poor prognoses (p < 0.05, t-test, Figure 1A -1C). This result was consistent with the miRNA microarray data. No difference was exhibited in the expression levels of miR-34a-3p and miR-4532 (data not shown). Next, we tested miR-203, miR-221-3p, and miR-140-5p in the validation group. The results showed that the expression level of miR-221-3p in cancer tissue was significantly lower in patients with poor prognoses (p < 0.05, non-parametric test, Figure 1D ). There was no significant difference in the expression of miR-203 or miR-140-5p between the two groups of patients (data not shown).
In order to further determine the expression of miR-221-3p, the control group was tested. The miR-221-3p was down-regulated in cancer tissues compared with paired normal tissues, and this finding was consistent with the miRNA microarray data (p = 0.011, t-test, Figure 1E ). The expression of miR-222-3p was also tested in the control group, but no difference was observed between cancer and normal tissues (p = 0.759, t-test, Figure 1F ). The correlation between miR-221-3p and miR-222-3p was performed in the 12 TNBC cancer tissues, which showed no correlation between the two miRNAs, with a correlation coefficient 0.110 (p = 0.733). And miR-221-3p showed higher expression level than miR-222-3p in cancer tissues (p = 0.008, t-test, Figure 1G ).
MiR-221-3p was an independent prognostic factor for TNBC patients
We evaluated the association between miR-221-3p expression and DFS of TNBC patients by Kaplan-Meier and Cox proportional hazard regression analyses. We combined the experimental and validation groups and then regrouped the 125 patients into two groups according to the median expression level of miR-221-3p. The baseline data of the low miR-221-3p expression and high miR-221-3p expression groups are shown in Supplementary Table  2 . No correlation was observed between the miR-221-3p expression level and menopausal status, T stage, lymph node metastasis, or Ki-67 expression level (p > 0.05, χ 2 test). The median DFS was 77 months in patients with high miR-221-3p expression levels and 70 months in those with low miR-221-3p expression levels. The difference was statistically significant according to the Kaplan-Meier survival analysis and log-rank test, p = 0.015 ( Figure 2A ). Univariate and multivariate analyses showed that high miR-221-3p expression (HR = 0.480; 95% CI, 0.263 -0.879; p = 0.017) was an independent good prognostic factor for the 5-year DFS of TNBC patients ( Table 2 ). In addition, lymph node metastasis was also an independent prognostic factor for TNBC patients.
In patients who received adjuvant anthracyclines chemotherapy, those with low miR-221-3p expression exhibited a trend for shorter 5-year DFS (p = 0.054, Figure  2B ). We also evaluated the prognostic role of miR-221-3p in patients with different lymph node status. In patients with positive lymph node, patients with low miR-221-3p showed lower 5-year DFS (adjusted HR = 0.279; 95%CI, 0.128-0.610; p=0.001; adjusted by menopausal status, Ki67 index and T stage; Figure 2C ). But this was not observed in patients with negative lymph node ( Figure 2D ).
PARP1 was a potential target gene and associated with DFS
Some potentially actionable pathways were found in TNBC, such as DNA repair pathway, PI3K/ mTOR pathway, RAS/RAF/MEK pathway, cell-cycle checkpoints, JAK/STAT pathway and so on [18] . Several targeted therapeutic agents are currently under clinical investigation, such as PARP1 inhibitors, PI3K inhibitors, MEK inhibitors, and inhibitors of the cancer stem-cell population [18] . These pathways contained some essential genes, such as BRCA1/2, PARP, PIK3CA, AKT, PTEN, KRAS, BRAF, EGFR, FGFR, INPP4B, CDK6, RB1, CCND and JAK2. We checked whether these essential genes were in the range of the predictive targets of miR-221-3p in the miRanda (http://www.microrna.org/ microrna/home.do), miRBase (http:// microrna.sanger. ac.uk/) and TargetScan (http://www.targetscan.org/) databases. We found PARP1 and PTEN might be target genes of miR-221-3p. PTEN has been validated to be a target gene of miR-221-3p [19] . Thus, we chose PARP1 for further validation.
Next, PARP1 expression was determined in the tumors of TNBC patients using immunohistochemistry (IHC) (Figure 3 ). Because 7 TNBC tissues were not enough for IHC, PARP1 expression was evaluated in 118 patients. The percentage of high PARP1 expression was 44.06%. PARP1 expression was higher in patients with poor prognoses (Table 3) mimic transfection cells with 25 nM, 4.53-fold in 50 nM, 11.7-fold in 100 nM ( Figure 5A ). Relative PARP1 mRNA and protein were decreased in transfected dose with 50 nM or 100 nM, but there was no difference between 50 nM transfected cells and 100 nM transfected cells (Figure 5B,  5C ). Therefore, we chose 50 nM of miR-221-3p mimics to evaluate the regulatory role to PARP1. MiR-221-3p mimic or miR-221-3p mutant mimic were transfected into the MDA-MB-231 cell line. MiR-124 was reported to regulate PARP1 expression in breast cancer cells [15] . Thus, we used it as the positive control. Transfection with the miR-221-3p mimic reduced the PARP1 mRNA and protein ( Figure 5D , 5E). In contrast, transfection with miR-221-3p inhibitor increased the level of PARP1 mRNA and protein in MDA-MB-231 cell line (Figure 5F, 5G) . Similar results were found in MDA-MB-468 and BT549 cell lines.
To determine whether miR-221-3p regulates PARP1 through the predicted binding sites in its 3'-UTR, we designed two reporter plasmids by incorporating either the wild-type or mutant 3'-UTR of PARP1 (Figure 5H ), which constitutively express luciferase unless repressed by the incorporated 3'-UTR. Cotransfection with the luciferase constructs containing the wild-type PARP1 3'-UTR and miR-221-3p precursor resulted in 48% decline in the luciferase activity compared with the control cells (p < 0.05, Figure 5I ). The above analysis indicates that miR- 
DISCUSSION
Existing studies on miRNAs in TNBC have focused on the difference in miRNA expression profiles between TNBC and non-TNBC cell lines and tissues. In TNBC, multiple miRNAs may be associated with the prognosis of TNBC patients [20] . In the current study, we performed miRNA expression profiling in TNBC tissues of 40 patients with different prognoses in the experimental group. Results revealed that 34 miRNAs were downregulated in patients with poor prognoses. We selected 5 miRNAs to further verify in the experimental and validation groups by real-time PCR. The expression level of miR-221-3p in cancer tissue was markedly lower in patients with poor prognoses. PARP1 may be a target gene of miR-221-3p, which down-regulates PARP1 expression possibly by targeting its 3'-UTR. Dysregulation of miR-221 has been found in various types of cancer, and played different prognostic roles dependent on cancer type. High miR-221 expression shows better prognosis in prostate [21] and ovarian cancers [22] , but shows poorer prognosis in gastric [23, 24] , liver [25] , renal [26] , colon [27] cancers and in osteosarcoma [28] , glioma [29] , melanoma [30] and leukemia [31] (Table 4) . In breast cancer, two studies (German and Swede, n=86; Egyptian, n=76) showed poorer prognosis in patients with high miR-221 expression [32, 33] . One study based on TNBC (Greek, n=49) found no correlation between miR-221 expression and prognosis [9] . Another two independent studies based on American (n=473) [34] and Japanese (HER2-negative, n=171) [35] showed that patients with high miR-221 expression had better prognosis, which are consistent with our results of TNBC (n=125). Thus, miRNAs act as oncogenes or tumor suppressors in a context dependent manner, even in the same type of cancer [5, 36] . Several groups reported that miR-221 promoted progression and stemness of breast cancer cell lines [37] [38] [39] [40] [41] , but results from cell lines may be different from the clinical patients. An oncogene may promote malignant development of cancer cells, but patient prognosis may be improved after clinical treatment. For example, the prognoses of HER2-positive subtype patients after Herceptin treatment were better than TNBC patients [42] . In the present study, through targeting PARP1, miR-221 may function as a PARP1 inhibitor, which affected prognosis of TNBC patients.
Because miR-221 and miR-222 are on the same transcriptional units [10] , we also detected miR-222-3p expression in paired cancer and normal tissues of 12 TNBC patients from the control group. No correlation between miR-221-3p and miR-222-3p was found in the 12 TNBC cancer tissues. Moreover, the expression level of miR-222-3p in cancer tissues was similar to that in normal tissues, so the prognostic role of miR-222-3p was not evaluated. A larger number of samples are required in order to determine the prognostic role of miR-222-3p expression in breast cancer.
Besides targeting PARP1, multiple target genes of miR-221 were validated. MiR-221 inhibited cell cycle by targeting p27 KIP1 [43] and p57 KIP2 [44] ; and repressed apoptosis by directly targeting pro-apoptotic genes, such as PUMA [45] and BMF [46] . MiR-221 regulated tumor suppressor genes PTEN [19] , TRPS1 [47] , SOCS1 and CDKN1B [48] , and also directly regulated the expression of two oncogenes, IRF2 and SOCS3 [49] . In TNBC cells, miR-221 modulates cell migration and epithelialmesenchymal transition (EMT) by down-regulating E-cadherin [10] .
PARP1 is a member of the poly-ADP ribose transferase family. It acts as a DNA repair protein that can be activated by binding to the single-strand and doublestrand break sites of DNA, and it can further complete DNA repairs [14] . PARP1 is highly expressed in one-third of breast cancer patients. High PARP1 expression is an independent prognostic factor for breast cancer recurrence and death [50] . In the current study, the percentage of high PARP1 expression was 44.06% and high PARP1 expression predicted poorer 5-year DFS in TNBC patients. And in patients who received adjuvant anthracyclines chemotherapy, low miR-221-3p or high PARP1 expression was associated with poorer 5-year DFS.
Because PARP1 works in cooperation with BRCA1/2 in homologous recombination repair, homologous deficient cells, such as BRCA1/2 deficient cells, are sensitive to PARP1 inhibitors [16] . Currently, there are more than 50 clinical trials of PARP inhibitors for the treatment of breast, ovarian, prostate, and lung cancers. A phase II clinical trial of olaparib in BRCAmutant advanced breast cancer patients showed that the objective response rates were 41% [51] . Another phase II clinical trial of olaparib monotherapy for BRCA1/2-mutant advanced solid tumors showed that the overall complete response and partial response rate was 26.2% [52] . These results demonstrate the potential application value of PARP1 inhibitors, as represented by olaparib, for TNBC. The results obtained in the current study suggest that miR-221-3p down-regulates PARP1 expression by targeting its 3'-UTR. MiR-221-3p likely plays a similar role as PARP1 inhibitor, and high miR-221-3p expression possibly improves the prognosis of patients by regulating PARP1 expression.
There were a few limitations in this study. First, this study was a small-sample single-center study. It is necessary to further evaluate the prognostic value of miR-221-3p in TNBC among large-sample, prospective, wellcontrolled patients with long-term follow-up. Second, because of the sample limitation, RNU6B was the only internal control for the relative expression of miR-221 by RT-PCR. Further study on miR-221 expression should use more internal controls. Third, the regulatory mechanism of miR-221-3p and PARP1 has not been clearly elucidated. Fourth, in-depth evaluation is needed concerning the mechanism of PARP1 inhibitors and molecular targets of efficacy judgment. Fifth, other miRNAs and related targets should be studied in TNBC patients with different prognoses.
In conclusion, low miR-221-3p and high PARP1 expression levels may contribute to the poor outcome of TNBC patients. MiR-221-3p likely plays a role as a PARP1 inhibitor by directly regulating PARP1 expression, thereby affecting the prognosis of TNBC patients. This study provides new ideas for more comprehensive studies of prognostic factors and targeted therapy of TNBC. It is expected to provide a theoretical basis for PARP1 inhibitor applications in TNBC and to further improve the treatment effects of TNBC. www.impactjournals.com/oncotarget
MATERIALS AND METHODS
Patients and samples
More than 11,000 patients were registered in the Breast Cancer Information Management System of West China Hospital, Sichuan University [53, 54] . We screened 708 cases of patients with TNBC during the period from 2000 to 2012. Patients (a total of 583 cases) who failed follow-up, underwent neoadjuvant chemotherapy, lacked complete clinical information or were unable to provide a sufficient amount of tumor tissue sample were excluded from the study. In total, the study included 125 patients with early TNBC. This study was approved by the Ethics Committee of Clinical Trials and Biomedical Research at West China Hospital. Written informed consent was obtained from each patient. Postoperative therapy was performed according to the standard treatment of National Comprehensive Cancer Network (NCCN) guidelines. The follow-up ended in March 2015. DFS was defined as the interval between surgery date and first relapse of cancer, breast cancer-related death, or last follow-up.
We defined patients with DFS longer than five years as good prognoses and those with recurrence and metastasis as poor prognoses. We randomly selected 20 cases each from the poor prognosis and good prognosis patients to form the experimental group (20 cases with good prognoses vs. 20 cases with poor prognoses). The remaining 85 cases served as the validation group (58 cases with good prognoses vs. 27 cases with poor prognoses). Postoperative paraffin-embedded specimens were obtained from the Department of Pathology, West China Hospital, Sichuan University. Each specimen was serially sectioned into 120μm-thick sections for RNA extraction and subsequent miRNA expression profiling using microarray and real-time PCR analyses. The clinical and pathological information of these 125 patients is summarized in Table 1 . In addition to the 125 patients in experimental and validation groups, we also selected 12 TNBC patients with paired cancer and paracancerous normal tissues as the control group.
Cell culture and treatments
TNBC cell lines (MDA-MB-231, MDA-MB-468, and BT549) were purchased from the Cell Resource Center, Chinese Academy of Medical Sciences. The miR-221-3p mimic, miR-221-3p-mutant and scramble control, miR-221-3p inhibitor and scramble control, miR-124 mimic and inhibitor were purchased from GeneCopoeia (Rockville, MD, USA). Cells were transfected with these oligonucleotides using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions.
MiRNA microarray
Total RNA was extracted from paraffin-embedded tissue specimens using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and an RNeasy Mini Kit (Qiagen, Germantown, MD, USA). RNA samples were labeled and hybridized using a miRCURY ™ Hy3 ™ /Hy5 ™ Power labeling kit (Exiqon, Vedbaek, Denmark) and a miRCURY ™ LNA Array (v.18.0, Exiqon). The fluorescence intensity of the microarray was scanned using a GenePix 4000B microarray scanner. The original image intensity was determined using GenePix Pro V6.0.
Real-time PCR
MiRNA
RNA was extracted from paraffin-embedded specimens using the miRNeasy FFPE Kit (Qiagen). Subsequently, cDNA synthesis and PCR amplification were performed using the All-in-One ™ miRNA qRT-PCR Detection Kit (GeneCopoeia). Primers for miR-221-3p (HmiRQP0338), miR-222-3p (HmiRQP0339), miR-34a-3p (HmiRQP0440), miR-203 (HmiRQP0305), miR-4532 (HmiRQP2077), miR-140-5p (HmiRQP0181), and RNU6B (HmiRQP9001) were obtained from GeneCopoeia. RNU6B served as the normalization control. Real-time PCR analyses were carried out using chromo4 (Bio-rad).
mRNA
RNA was extracted from the cell line using an RNeasy Mini Kit (Qiagen). Sso Fast Eva Green Supermix was used in the real-time PCR reaction. PARP1: upstream primer 5'-CCCTAAAGGCTCAGAACG-3'; downstream primer 5'-CAAGATCGCCGACTCCC-3'. β-actin: upstream primer 5'-ACTTAGTTGCGTTACACCCTT-3'; downstream primer 5'-GTCACCTTCACCGTTCCA-3'. Real-time PCR analyses were carried out using chromo4 (Bio-rad).
Western blotting
The procedure was performed as previously described [54] . Briefly, equal amounts of protein were subjected to 10% polyacrylamide gel electrophoresis and transferred to PVDF membrane. The membrane was incubated with rabbit anti-human PARP1 polyclonal antibody (Cell Signaling Technology, Danvers, MA, USA) or mouse anti-human β-actin monoclonal antibody overnight, followed by goat anti-rabbit or goat antimouse secondary antibody (Zsbio, Beijing, China). The bands were visualized using an ECL luminescent reagent (Millipore, Billerica, USA).
Immunohistochemistry of PARP1 expression
IHC for PARP1(primary rabbit polyclonal antibody against PARP1, ab6079, abcam) was performed using standard procedures. Multiplicative quick score method (QS) was used to assess the expression of PARP1 proteins expression [55] . In brief, the proportion of positive cells was estimated and given a percentage score (1=1-4%; 2=5-19%; 3=20-39%; 4=40-59%; 5=60-79%; and 6=80-100%). The average intensity of the positively staining cells was given an intensity score (0=no staining; 1=weak, 2=intermediate, and 3=strong staining). The QS was calculated by multiplying the percentage score and the intensity score to yield a value from 0 to 18. Based on the QS, PARP1 expression was graded as low (0-9) or high (10) (11) (12) (13) (14) (15) (16) (17) (18) (Figure 3 ).
Dual luciferase assay
Human embryonic kidney (HEK) 293Ta cells (GeneCopoeia Inc, Rockville, MD, USA) were used for the luciferase assay. HEK-293Ta cells were co-transfected using EndoFectin ™ Lenti (GeneCopoeia Inc.) with a reporter plasmid containing the wild-type or mutant of PARP1 inserted downstream of the Gaussian luciferasesecreted reporter gene, the secreted alkaline phosphatase tracking gene (pEZX-MT05, GeneCopoeia Inc), and the pEZX-MR04 plasmid-containing miRNA-221-3p precursor construct or its scrambled control equivalent (GeneCopoeia Inc). The Gaussian luciferase and alkaline phosphatase activities were measured by luminescence in conditioned medium 48 hours after transfection using the secreted-pair dual luminescence kit (GeneCopoeia Inc). The Gaussian luciferase activity was normalized to the alkaline phosphatase activity.
Statistical analysis
The statistical analysis was performed using the IBM SPSS Statistics software package (version 21.0, IBM-SPSS Statistics, Armonk, NY, USA). Differential expression of miRNAs between TNBC patients with different prognoses was detected using t tests or nonparametric tests. The correlation between miRNA expression and clinicopathological factors was evaluated using χ 2 test. Survival characteristics were performed using the Kaplan-Meier method and log-rank test. The effect of miRNA expression level on prognosis was analyzed by univariate and Cox multivariate risk models. A t test was conducted to analyze the differences in target gene mRNA expression levels and HEK293Ta cell fluorescence intensity between different groups. One-way analysis of variance (ANOVA) and Mann-Whitney U tests were run to determine differences in viability between miR-221-3p and scramble transfected cells. A two-sided test P value < 0.05 was judged as statistically significant.
